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Carefully curated proteomes of the inner envelope membrane, the thylakoid membrane, and the thylakoid lumen of
chloroplasts from Arabidopsis were assembled based on published, well-documented localizations. These curated proteomes
were evaluated for distribution of physical-chemical parameters, with the goal of extracting parameters for improved
subcellular prediction and subsequent identification of additional (low abundant) components of each membrane system. The
assembly of rigorously curated subcellular proteomes is in itself also important as a parts list for plant and systems biology.
Transmembrane and subcellular prediction strategies were evaluated using the curated data sets. The three curated proteomes
differ strongly in average isoelectric point and protein size, as well as transmembrane distribution. Removal of the cleavable,
N-terminal transit peptide sequences greatly affected isoelectric point and size distribution. Unexpectedly, the Cys content was
much lower for the thylakoid proteomes than for the inner envelope. This likely relates to the role of the thylakoid membrane
in light-driven electron transport and helps to avoid unwanted oxidation-reduction reactions. A rule of thumb for discrimi-
nating between the predicted integral inner envelope membrane and integral thylakoid membrane proteins is suggested.
Using a combination of predictors and experimentally derived parameters, four plastid subproteomes were predicted from
the fully annotated Arabidopsis genome. These predicted subproteomes were analyzed for their properties and compared
to the curated proteomes. The sensitivity and accuracy of the prediction strategies are discussed. Data can be extracted from
the new plastid proteome database (http://ppdb.tc.cornell.edu).

Plastids are essential organelles of prokaryotic ori-
gin that are present in nearly every plant cell. Plastids
are built up out of several compartments: (1) the outer
and inner envelope membranes surrounding the plas-
tids, providing a barrier for proteins and small mole-
cules; (2) the soluble stroma within plastids, expected
to contain thousands of different proteins; and (3) in
the case of chloroplasts, the thylakoid membrane, an
internal membrane system, holding the photosyn-
thetic electron transport chain, as well as an unknown
number of other proteins. The thylakoid membrane
system forms large vesicles and its intrathylakoid
space is called the thylakoid lumen, which contains
an additional set of proteins.

To understand plastid function, biogenesis, and
biosynthetic pathways, it is critical to characterize
the plastid proteome: This includes protein expression

levels, protein-protein interactions, and subplastid
localization. A first step in the characterization of the
plastid proteome is the careful assembly of all exper-
imentally determined plastid proteins and their sub-
organellar localization. In addition to experimental
data sets, prediction tools can and have been devel-
oped to predict the plastid proteome and suborganel-
lar proteomes, with varying degrees of success
(Abdallah et al., 2000; Emanuelsson, 2002; Koo and
Ohlrogge, 2002; Peltier et al., 2002).

Numerous individual plastid proteins, as well as
larger sets of plastid proteins, can be collected from the
literature (for review, see van Wijk, 2004). Thus, it is
possible to assemble high-quality experimental data
sets for different chloroplast subproteomes. Since
various experimental approaches have been used for
identification of these proteins, a bias for a particular
class of proteins is likely avoided. In addition, exten-
sive biochemical analysis, as well as recent successes
in x-ray crystallography of the higher plant photosyn-
thetic thylakoid membrane protein complexes, allows
for accurate determination of the number of trans-
membrane domains (TMDs) of many thylakoid pro-
teins (Barber, 2002; Ben-Shem et al., 2003; Stroebel et al.,
2003; Liu et al., 2004). Such well-curated experimental
protein sets can be used to extract valuable informa-
tion about the physical-chemical properties and to
evaluate localization and TMD prediction strategies.

Most proteins localized in plastids are synthesized
as precursor proteins in the cytosol with a cleavable
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chloroplast transit peptide (cTP). Features of these
cTPs are discussed by von Heijne (1989); Claros et al.
(1997); and Bruce (2000). The subcellular localization
prediction programs, Predotar (http://www.inra.fr/
Internet/Produits/Predotar/) and TargetP (http://
www.cbs.dtu.dk/services/TargetP; Emanuelsson
et al., 2000) predict the presence of a cTP with fairly
good accuracy and sensitivity. The neural network
predictor TargetP can also predict the cleavage site of
the cTP, which is important when analyzing the
features of mature plastid proteins, as will also become
evident in the current study. TargetP has been used
in combination with TMD predictors (TMHMM),
signal peptides (SignalP; Nielsen et al., 1997; Krogh
et al., 2001), and experimentally derived filters to
predict the lumenal (Peltier et al., 2002), as well as
the hydrophobic, proteome and possible candidates in
the inner chloroplast envelope (Ferro et al., 2002; Koo
and Ohlrogge, 2002). The proteins in the outer enve-
lope membrane generally do not have a cTP and
cannot easily be predicted. However, since many are
identified as b-barrel proteins, proteins with predicted
b-sheets can be evaluated as candidate members of the
outer envelope membrane (Schleiff et al., 2003).

One particularly important question in plastid bio-
genesis is how nuclear-encoded integral membrane
proteins (more than 500 are predicted) are targeted to
the inner envelope and thylakoid membrane. With the
exception of those proteins that carry a lumenal transit
peptide (lTP) for targeting of the N terminus to the
lumen (Mori and Cline, 2001; Robinson et al., 2001) or
an L18 domain in the case of a subset of chlorophyll-
binding thylakoid proteins (Tu et al., 2000), it is unclear
how these putative integral membrane proteins are
sorted within the chloroplast. Is this selection taking
place early during envelope translocation, possibly
involving Tic110 and/or Tic40 (Chou et al., 2003; Inaba
et al., 2003), or does it occur after processing of the cTP
in the stroma, following the so-called conservative
sorting principle?

In this study, we carefully collected published
experimental sets of integral thylakoid membrane pro-
teins and integral inner envelope proteins. We anal-
yzed these subproteomes, as well as the experimental
thylakoid lumenal proteome, for their properties, with
the objective of extracting potential predictors of sub-
plastid localization and evaluating the number of
putative chloroplast membrane proteins and their
TMDs. Subsequently, we used the existing predictors,
TargetP, SignalP, and TMHMM, as well as a newly
developed predictor for the lumenal proteome,
LumenP (Westerlund et al., 2003), in combination with
different filters to predict four chloroplast subpro-
teomes: (1) the soluble lumenal proteome; (2) the
stromal proteome; (3) the combined integral mem-
brane proteome of thylakoids and inner membrane;
and (4) the thylakoid membrane proteins with lTPs.
These predicted plastid subproteomes were compared
to the curated experimental sets. Distributions of pre-
dicted functional domains across the subproteomes

are discussed. All parameters and the curated data sets
can be extracted from the new plastid proteome
database (PPDB; http://ppdb.tc.cornell.edu).

RESULTS

Assembly of the Curated Experimental Integral
Inner Envelope and Thylakoid Proteomes

The nonredundant accession numbers for known
thylakoid and inner envelope proteins of Arabidopsis
were carefully collected from the literature and public
databases. All proteins were then evaluated for being
an integral membrane protein; for the most part, this
was based on experimental data (e.g. not extractable
with urea or salts, x-ray structure, or topology map-
ping by proteolysis, etc.) and, in some cases, based on
prediction of TMDs by TMHMM or the consensus
prediction reported in the Aramemnon database
(http://aramemnon.botanik.uni-koeln.de/). If avail-
able, the number of experimentally determined TMDs
for each protein was recorded. Importantly, only those
proteins were listed for which it was very clear that
they are integral either to the thylakoid membrane or
to the inner envelope membrane. In total, 65 (75 when
including alternative gene models in The Arabidopsis
Information Resource [TAIR]; see also below) nuclear-
encoded thylakoid membrane and 24 (27 when in-
cluding different gene models) nuclear-encoded inner
envelope membrane proteins were obtained (see Sup-
plemental Table I at www.plantphysiol.org).

We also assembled extended experimental thyla-
koid and inner envelope integral membrane sets,
adding additional integral membrane proteins for
each membrane system, using data from Friso et al.
(2004), Ferro et al. (2003), and Froehlich et al. (2003),
respectively. Proteins were manually selected based on
the confirmed presence of a cTP and the convincing
presence of multiple TMDs (as above). This added,
respectively, 18 (20 with alternative gene models) and
15 (16 with alternative gene models) proteins to the
thylakoid membrane and inner envelope membrane
sets (see Supplemental Table I; see also the PPDB). In
addition, 51 (53 when allowing for different gene
models) thylakoid lumen proteins assembled earlier
(Peltier et al., 2002; Westerlund et al., 2003) were
included in the analysis (see Supplemental Table I;
see also the PPDB). Finally, all 38 plastid-encoded
integral thylakoid membrane proteins, as well as 39
plastid-encoded stromal localized proteins, were as-
sembled (see Supplemental Table I).

Comparing the Experimental Proteomes

A number of parameters (length, pI, grand average
of hydrophobicity [GRAVY; Kyte and Doolittle, 1982],
number of TMDs, and amino acid composition) were
calculated or predicted for precursor and processed
proteins. Median and average values for each param-
eter were calculated for each of the experimental sets
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(Table I) and frequency distribution plots were gener-
ated. These parameters are available for each accession
via the PPDB. None of the frequency distribution plots
for the different parameters showed normal distribu-
tions, and distributions for some parameters were bi-
or trimodal. Therefore, it is important to compare both
median and average values (Table I) and examine the
plotted frequency distributions.

Protein Size

Very significant differences in protein size were
observed between the experimentally identified lu-
menal, the integral thylakoid membrane, and the
integral inner envelope proteomes (Table I). The en-
velope proteins were, on average, twice as large as
the lumenal proteins and 75% bigger than the integral
thylakoid proteins. The plastid-encoded integral thy-
lakoid membrane proteins were, on average, 252 amino
acids, but with a median value of only 140 amino acids
(Table I).

Number of TMDs and Hydrophobicity

The number of TMDs of the curated thylakoid and
inner envelope proteome was predicted either by
TMHMM or by consensus prediction as reported in
the Aramemnon database. In the case of TMHMM,
cTPs and lTPs were excluded as potential TMDs, and,
in the case of Aramemnon, the authors report that
TMDs overlapping with predicted N-terminal signal
peptides (by SignalP) are removed. TMDs for the
plastid-encoded integral thylakoid proteins were only
predicted by TMHMM, since they are not included in
Aramemnon.

The distribution of these predicted TMDs is shown
in Figure 1, A to C. Figure 1A shows the distribution
of predicted TMDs by TMHMM for the chloroplast-
and nuclear-encoded thylakoid membrane proteins.
Clearly, the thylakoid proteome is dominated by
proteins predicted to have zero to three TMDs and
a small group of proteins with nine or more TMDs
(Fig. 1A). These TMD predictions were compared with
the experimental TMD determinations reported in the
literature. In the case of the chloroplast-encoded
thylakoid membrane proteins, TMHMM slightly over-
predicted the TMDs, with a total of 77 predicted for 72
known TMDs.

In the case of the nuclear-encoded thylakoid mem-
brane proteins, a very significant percentage was
not predicted to have any TMD. It turned out that
TMHMM has a specific problem with predicting the 29
nuclear-encoded chlorophyll- and carotenoid- binding
thylakoid membrane proteins (light-harvesting com-
plexes [LHCs], Elips, PsbS, and Seps or Lils, Hlips,
Scps, and Ohps; Jansson, 1999; Adamska, 2001). This
LHC superfamily has an average of 2.82 TMDs, but
TMHMM predicted only an average of 0.31. In con-
trast, Aramemnon listed quite an accurate prediction
(Fig. 1), with an average of 2.10 TMDs. The poor
prediction by TMHMM is most likely related to the
presence of (conserved) positively and negatively
charged residues within the TMDs used for helix-
helix interactions (Adamska, 2001). Aramemnon and
TMHMM both predicted very similarly that the cu-
rated envelope proteome falls into two classes of
proteins with either one to four TMDs or nine or more
TMDs (Fig. 1C).

Surprisingly, approximately 50% of the curated
lumenal proteome was predicted to be a membrane

Table I. Median and average values for different physicochemical parameters for the curated experimental subproteomes

The accession numbers for each curated set are listed in Supplemental Table 1.

Curated Experimental Setsa Median (Average) Median (Average) Median (Average) Median (Average)

Unprocessed Lengthb GRAVYc pId Rel. Cys ne

Inner envelope membrane 447 (479) 0.08 (0.12) 9.19 (8.75) 0.011 (0.013) 27 (24)
Expanded envelope 433 (455) 0.11 (0.11) 9.14 (8.64) 0.012 (0.013) 43 (39)
Thylakoid membrane 261 (289) 20.02 (0.02) 6.89 (7.44) 0.005 (0.008) 76 (65)
Expanded thylakoid 254 (276) 20.02 (0.01) 7.28 (7.51) 0.006 (0.008) 95 (83)
Lumen (soluble) 247 (284) 20.21 (20.19) 8.53 (7.78) 0.011 (0.014) 53 (51)
Stroma 284 (345) 20.26 (20.25) 7.62 (7.46) 0.008 (0.009) 86 (73)

Minus cTP
Inner envelope membrane 398 (427) 0.06 (0.15) 8.77 (8.12) 0.010 (0.013) 27 (24)
Expanded envelope 378 (404) 0.12 (0.14) 8.70 (8.01) 0.011 (0.012) 43 (39)
Thylakoid membrane 213 (244) 20.05 (0.01) 5.33 (6.13) 0.005 (0.008) 76 (65)
Expanded thylakoid 204 (232) 20.05 (0.01) 5.22 (6.02) 0.005 (0.008) 95 (83)
Lumen (soluble) 208 (239) 20.22 (20.21) 5.82 (6.49) 0.009 (0.011) 53 (51)
Stroma 234 (293) 20.33 (20.32) 5.63 (6.42) 0.005 (0.008) 86 (73)

Minus cTP 1 lTP
Lumen (soluble) 165 (201) 20.33 (20.34) 5.31 (6.26) 0.006 (0.009) 53 (51)

Plastid encoded integral thylakoid 140 (252) 0.66 (0.67) 6.45 (6.85) 0.005 (0.005) 38
Plastid encoded stromal proteins 138 (357) 20.41 (20.43) 10.32 (9.77) 0.013 (0.015) 39

aPrediction of cTP by ChloroP; blength in number of amino acids; cmeasure of hydrophobicity; dbimodal distribution; enumber of
proteins, including all gene models in TAIR and, in parentheses, the number when only counting a gene model for each accession.
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protein by Aramemnon. In contrast, only one out of
the 53 confirmed lumenal proteins was a predicted
membrane protein by TMHMM after removal of
predicted cTPs. This overprediction was caused by
the very long bipartite targeting sequence of lumenal
proteins. The lTP, which is typically 40 to 50 amino
acids down-stream of the N terminus, is identified as
a TMD by many TMD predictors; a typical example,
for instance, is the well-known lumenal electron trans-
porter plastocyanin (At1g20340).

A different way to characterize the integral mem-
brane proteomes is by hydrophobicity, as calculated by
the GRAVY index. The processed integral thylakoid

proteome was, on average, slightly less hydrophobic
than the processed inner envelope membrane pro-
teome (Table I). The chloroplast-encoded thylakoid
membrane proteome was significantly more hydro-
phobic than both nuclear-encoded proteomes (Table I).
Cross-correlation of the GRAVY index with the num-
ber of predicted TMDs per amino acid listed in
Aramemnon showed a linear correlation for the nu-
clear-encoded envelope and thylakoid membrane pro-
teomes (Fig. 2, A and B). Since the chloroplast-encoded
proteins are not in the Aramemnon database, we
plotted for this group only the cross-correlation of
the GRAVY index with the number of TMDs predicted
by TMHMM (Fig. 2C); a good linear correlation was
observed, as is evident from the regression analysis
(Fig. 2C). This shows that the chloroplast-encoded
thylakoid proteins are more hydrophobic because they
have more TMDs per amino acid length.

pI

The distribution of pI is strongly bimodal for the
processed lumenal proteome (Table I; Fig. 3A). Re-
moval of the cleavable cTPs and lTPs has a dramatic
influence on the pI distribution, with median pI values
of 8.53 for the unprocessed lumenal proteome and 5.31
for the processed proteome (Table I; Fig. 3A). In an
earlier study of the thylakoid lumen proteome, we
showed that these predicted pI values of processed
proteins matched well (typically within 0.5 pH unit
deviation) to the experimental pI values determined
from two-dimensional gels (Peltier et al., 2002). This
emphasizes that in silico proteome analysis of physi-
cal-chemical parameters should be done after removal
of cleavable signal/transit peptides. Also, the pro-
cessed integral thylakoid membrane proteome is char-
acterized by acidic median (5.22) and average (6.0) pI
values (Table I; Fig. 3A). In contrast, the processed
(and unprocessed) inner envelope proteome is, on
average, basic, with a median pI value of 8.7 and an
average pI value of 8.1 (Table I; Fig. 3A). The two
membrane proteomes showed a bi- or trimodal distri-
bution of pI values (Fig. 3A). Manual inspection of the
proteins at high and low pI did not suggest particular
functions for the outliers in both populations. The low
pI of the thylakoid membrane and lumenal proteome
can be explained by a high content of the abundant
acidic residues Asp (D) (pKr 5 3.9) and Glu (E) (pKr 5
4.07), when compared to the envelope proteome
(Supplemental Fig. 1).

Cys Content

Cys residues play an important role in redox reac-
tions, as ligands and in stabilization of proteins and
protein complexes by formation of disulfide bonds
(Giles et al., 2003). Surprisingly, the Cys content is
much lower for thylakoid proteins in the lumen and
membrane, as compared to proteins in the inner
envelope or elsewhere in the chloroplast (Table I).

Figure 1. Frequency distribution of predicted TMDs of the curated
membrane subproteomes. The curated sets are the extended nuclear-
encoded (n) thylakoid membrane proteome with 83 proteins (A–C), the
extended inner envelope membrane proteome with 39 proteins (A and
B), and the chloroplast-encoded (c) thylakoid membrane proteome
with 38 members (A). TMD predictions were by TMHMM (A–C) or
consensus prediction as reported in Aramemnon (B and C). Predicted
transit peptides were removed. All accession numbers are listed in
Supplemental Table I.
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Importantly, the plastid-encoded integral thylakoid
membrane proteome also has a low relative Cys
content, with a median of 0.003 and an average of
0.005, expressed as the abundance ratio between Cys
over all amino acid residues. This is about 3 times less
than the Cys content in the envelope membrane pro-
teome. The chloroplast-encoded stromal proteome has
a much higher average Cys content of 0.015, clearly
suggesting that the reduced Cys content in the thyla-
koid is related to its particular function. When ex-
pressed into the number of Cys residues per protein,
35% to 40% of the thylakoid lumen and membrane
proteins have no Cys at all, whereas nearly all exper-
imentally identified inner envelope membrane pro-
teins have one or more Cys residues, with a peak at
four Cys residues per protein (Fig. 3B). This signifi-
cance will be discussed below.

cTP Characteristics

An important question in plastid biogenesis is how
nuclear-encoded thylakoid membrane and inner en-
velope proteins are directed to the correct membrane
within the chloroplast. We compared, therefore, the
predicted cTPs for the inner envelope proteome, the
thylakoid membrane proteome, the lumenal pro-
teome, as well as a newly assembled set of stromal and
peripheral proteins (Supplemental Table III). Average
and median lengths of the predicted cTPs for the inner
envelope proteome were 10% to 13% longer than for
the integral and lumenal thylakoid proteomes (Sup-
plemental Table II). To evaluate if any amino acid
motifs are present upstream and downstream of the
predicted cTP cleavage site, we aligned the proteins
within each of the four curated subproteomes around
the predicted cTP, using sequence logos (a graphic
representation of sequence conservation and amino
acid frequency (Schneider and Stephens, 1990), but no
significant differences were observed (Supplemental
Fig. 2).

Functional Domains

Functional domains for all TAIR accessions were
predicted by automated PFAM-HMM (with a cutoff of
E 5 0.1; Bateman et al., 2002) and are available via the
PPDB. The top-scoring domains for the curated enve-
lope proteome are related to biosynthesis or transport,
whereas the top-scoring domains for the curated
thylakoid membrane proteome are chlorophyll a/b-
binding (243), peptidase family M41 (53), protein
kinase (53), AAA domains (43), and bacterial DNA-
binding domains (43). We compared these distribu-
tions to the predicted functional domains of all 577
plastid-predicted integral membrane proteins. This
gave 430 different domains, with the top-scoring
domains being C3HC4-type Zinc finger (243), acyl-
transferase (223), branched-chain amino acid trans-
port system (213), and protein kinase domain (193).

TargetP Sensitivity for the Experimental
Plastid Subproteomes

The TargetP sensitivity (defined as the fraction of
plastid-predicted proteins out of all true plastid pro-
teins in our data sets) was 96%, 86%, and 78%, re-
spectively, for the thylakoid lumen and membrane
proteomes of the thylakoid and inner envelope (Sup-
plemental Table II). These sensitivities are in the same
range as the 85% reported originally (Emanuelsson
et al., 2000). Investigation of the overlap between the
TargetP training set and the curated set of lumenal,
thylakoid, and envelope proteins showed that only 15
curated proteins were part of the original training set
(details are provided under ‘‘Materials and Meth-
ods’’). Removal of those 15 did not affect the sensi-
tivity.

The experimental sets were then extended to en-
compass all known thylakoid proteins (lumenal,
peripheral, and integral membrane), as well as pro-
teins copurified with thylakoid and envelope proteins

Figure 2. Hydrophobicity and TMD prediction of the curated membrane proteomes. Correlation of the ratio between predicted
number of TMDs and the number of amino acid residues (TMD:aa) and GRAVY index for the expanded nuclear-encoded inner
membrane envelope (A) and the expanded thylakoid membrane proteomes (B), as well as the chloroplast-encoded thylakoid
membrane proteome (C). These are the same sets as used for Figure 1. TMDs were obtained from Aramemnon (A and B) or
predicted by TMHMM (C). The regression analysis is indicated for each plot.

Curated and Predicted Plastid Subproteomes of Arabidopsis

Plant Physiol. Vol. 135, 2004 727



(stromal), totaling 283 proteins (Supplemental Table I).
All are confirmed chloroplast proteins and they were
initially identified by various biochemical and genetic
approaches, thus avoiding experimental bias. TargetP
predicted 89% of the 283 proteins correctly (Supple-
mental Table II) and 90% correctly after removal of 43
(15%) proteins with homology to a protein in the
TargetP training set. A larger, unpublished, experi-
mental data set with well over 400 stromal proteins
from chloroplasts and non-green plastids confirmed
this approximately 90% sensitivity (J.B. Peltier, Y. Cai,
G. Friso, L. Giacomelli, V. Zabrouskov, Q. Sun, and
K. van Wijk, unpublished data). The high sensitivity of
TargetP is important for the prediction of plastid
subproteomes, as detailed below.

Prediction of Plastid Subproteomes

We predicted the plastid proteome and subplastid
localization by screening the latest annotation of the
Arabidopsis genome (4.0 of ATH1.pep) using two
prediction schemes (Fig. 4, A and B). The predic-
tor, TargetP, was either combined with LumenP

(Westerlund et al., 2003) or SignalP and, in both
cases, followed by TMHMM. The predictions were
improved by inclusion of several filters developed
earlier (Peltier et al., 2002) and were either incorpo-
rated into the predictor LumenP (Fig. 4A) or added
after prediction by SignalP (Fig. 4B). These prediction
schemes resulted in four chloroplast subproteomes:
(1) plastid stroma; (2) thylakoid lumen, split in two
populations based on the presence or absence of a twin
arginine motif (TAT; Mori and Cline, 2001); (3) integral
membrane proteins, in which inner envelope mem-
brane proteins and thylakoid membrane proteins are
clustered, since no method using amino acid sequence
data only exists to separate them; and (4) integral
membrane proteins with an lTP.

It was predicted that 4,255 proteins have a cTP
(14.9% of the total Arabidopsis proteome; Table II). Of
those, 520 have one or more TMDs and are located
in the inner envelope or thylakoid membrane, 291
(LumenP) or 285 (SignalP) are predicted to be soluble
in the lumen, and an additional 57 integral membrane
proteins were predicted to have an lTP. The remaining
3,387 proteins are assigned stromal proteins; however,

Figure 3. pI and Cys content of the expanded curated lumenal, thylakoid membrane and inner envelope membrane proteome.
A, Frequency distribution of the pI for the full-length and processed curated proteomes (full-length, white squares, cTP removed,
black squares, and cTP and lTP removed, black triangles). B, Frequency distribution of proteins in the three curated proteomes
based on the number of Cys residues. Membrane sets are the same as used in Figures 1 and 2, and the lumenal set contained 51
proteins (see Supplemental Table I).
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Figure 4. Overview of the two pre-
diction strategies and comparisons of
predictions and experimentation. A,
Prediction strategy using LumenP. B,
Prediction strategy using SignalP. C,
Overlap of proteins predicted by the
two prediction strategies with 291 and
285 proteins, respectively, and the ex-
perimental lumenal proteome with 53
proteins (using all gene models in
TAIR). D, Comparison of distribution
cTP 1 lTP length for the curated and
predicted lumenal proteomes.
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it is important to note that these can be permanently or
transiently associated with the thylakoid and/or inner
envelope membrane via protein-protein, electrostatic,
or hydrophobic interactions, as well as lipid anchors,
but this is currently not possible to predict.

Thus, our prediction scheme suggests that 13.5% of
the predicted plastid proteins are integral membrane
proteins, compared to 22% predicted membrane pro-
teins for the complete Arabidopsis genome (Table II).
The consensus TMD prediction listed in the Aramem-
non database currently reports that 24% of the 4,028
cTP proteins are predicted membrane proteins, com-
pared to 25% of the Arabidopsis proteome (Table II;
see ‘‘Discussion’’ for further details).

Comparing the Predicted and Experimental

Lumenal Proteomes

We compared the two prediction strategies (out-
lined in Fig. 4, A and B) for the lumenal proteome. The
total number of predicted proteins was very similar for
the two approaches, and both approaches gave very
similar sensitivities (56% and 60%; Supplemental
Table II; Fig. 4C). Twenty-six out of 51 confirmed
lumenal proteins were correctly predicted by both
approaches, and both approaches predicted some
additional known lumenal proteins correctly, as well
as 150 proteins with no confirmed lumenal location.
However, both strategies also predicted an additional,
nonoverlapping set of over 100 proteins. Since the rest
of the lumenal proteome is unknown, it is hard to
evaluate these two nonoverlapping sets.

We then compared the features of the experimental
lumenal proteome with the predicted lumenal pro-
teomes. The average and median lengths of proteins in
the two predicted lumenal proteomes were 50% to 60%
longer than the experimental lumenal proteome. This
suggests that either the experimental set was biased
toward smaller proteins or the predicted proteome

contained a number of false positives. Comparison of
the length of the cTP 1 lTP between experimental sets
and predicted sets shows higher median and average
values for the predicted sets (Fig. 4D). This suggests
that the cutoff for maximum cTP 1 lTP length was too
high. Strikingly, the cTP 1 lTP length for the predicted
TAT proteins was very similar to the experimentally
determined length, suggesting a more robust predic-
tion for this subclass, as also demonstrated earlier
(Peltier et al., 2002). This seems logical since the TAT
motif in a narrow window upstream of the predicted
lTP cleavage site is unique.

Comparing the Predicted Integral Membrane Proteins
and Curated Thylakoid and Envelope Proteomes

The properties (length, GRAVY, pI, number of
TMDs, and relative Cys content) of the predicted sub-
proteomes, before and after removal of the predicted
cTPs and lTPs, were analyzed and displayed using
frequency distribution plots (data not shown). Mean
and average values were calculated (Supplemental
Table IV). The median and average lengths of the
predicted chloroplast integral membrane proteome
(inner envelope and thylakoid) after removal of the
predicted cTP are 327 and 382 amino acids, respec-
tively. This is in between the values for the experi-
mental integral thylakoid proteome (213/244; Table I)
and the integral inner envelope membrane proteome
(398/427). The average and median pI values of the
predicted total plastid membrane proteome are trimo-
dal, with an average pI value of 7.39 (Supplemental
Table IV).

Predicted Integral Membrane Proteins with an lTP

Several proteins have been identified that are in-
tegral to the thylakoid membrane and have an N-ter-
minal lumenal transit peptide. Known cases are CFo-II
(At4g32260), psbW (At2g30570), PsbX (At2g06520),
psbT1 (At3g21055), and psaF (At1g31330). Insertion
of these proteins seems to occur without assistance of
other proteins or energy requirements (Robinson et al.,
2000). Our analysis predicted a total of 57 proteins in
this class and psaF was one of them. This predicted lTP
class had a lower Cys content and was smaller and less
basic than the curated envelope proteome, but similar
to the curated thylakoid membrane proteome, sug-
gesting that indeed a significant fraction of these
proteins are localized to the thylakoid.

Alternative Gene Models in TAIR

The TAIR database reports more than one gene
model for 1,411 (5%) out of 27,170 genes of the
annotated Arabidopsis genome (1,141 genes with
two, 109 with three, and 17 with four or more gene
models; each gene model might be biologically rele-
vant). The 4,255 gene models predicted to have a cTP
represented 4,013 genes (Table II). cTP prediction

Table II. Size of the predicted subproteomes, using a combination
of TargetP, TMHMM, LumenP, and SignalP, as well as filters derived
from experimental data sets (as outlined in Fig. 4, A and B)

n % %

All Arabidopsis 28,581a 100 n.r.
All membraneb 6,320 22.11 n.r.
All Ctp 4,255c 14.90 100
Stromad 3,387 11.80 79.60
Membraned,e 520 1.80 12.20
Membrane 1 lTPd 57 0.20 1.30
Lumend (LumenP) 291 1.00 6.80
Lumen 1 TATd (LumenP) 71 0.25 1.70
Lumen (SignalP) 285 1.00 6.70
Lumen 1 TAT (SignalP) 50 0.17 1.12

aRepresents 28,581 gene models for 27,170 genes. bTMHMM;
7,238 (25.3%) in Aramemnon. cRepresents 4,013 genes with
4,255 gene models. dUsing the prediction scheme with LumenP
(see Fig. 4A). e1,015 (23.9% of all cTP-predicted proteins) in
Aramemnon.
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differentiated between the gene models for 36 out of
those 4,013 genes. In the case of the curated subpro-
teomes, TargetP prediction was only rarely affected by
the different gene models presented in TAIR. Excep-
tions include carbonic anhydrase (At3g01500), for
which three forms are present in TAIR (.1, .2, and .3).
At3g01500.1 is not predicted to go to the plastid,
whereas version .2 and .3 are correctly predicted to be
plastid localized. The explanation is that At3g01500.1
is N-terminally truncated, thus lacking a proper cTP.

DISCUSSION

For a complete understanding of plant functions
and biosynthetic and signaling pathways, it is impor-
tant to determine and characterize the proteomes at
different subcellular locations. This will also be im-
portant in long-term efforts to develop faithful, quan-
titative models for plant processes (for discussion, see
Raikhel and Coruzzi, 2003).

Experimental proteomics using modern mass spec-
trometry has become a powerful tool, with continuous
improvements in sensitivity, dynamic resolution, and
quantification (Aebersold and Mann, 2003). However,
it remains challenging to identify proteins that are
expressed only under particular conditions (e.g. ad-
verse growth conditions, particular developmental
stage, etc.), or with very low expression levels. It
may be possible to predict these low abundant or
transient proteins using prediction strategies as dis-
cussed in this study. Focused experimental approaches
can then be used to identify these candidate proteins
experimentally.

Experimental proteome analysis of subcellular com-
partments can provide extensive protein sets to either
train predictors or extract experimental parameters for
design of filters, as we demonstrated earlier for the
thylakoid lumen (Peltier et al., 2002). Indeed, there are
now a fairly large number of localization predictors
specialized for different organelle locations (Nakai,
2000; Emanuelsson and von Heijne, 2001). Accurate
prediction of integral membrane proteins and their
topology is equally important, since membrane pro-
teins often fulfill critical functions. However, accurate
prediction of TMDs is rather difficult because protein
topology is not only determined by primary amino
acid sequence, but also by membrane chaperones and
post-translational modifications (Ott and Lingappa,
2002).

In this study, we focused on curation, analysis, and
prediction of the chloroplast subproteomes encoded
by the nuclear and plastid genomes of Arabidopsis.
We carefully assembled proteins located in either the
thylakoid membrane system or the plastid inner
envelope membrane, with the goal of obtaining a better
overview of the respective integral membrane pro-
teomes and finding specific features for each set of
proteins, possibly with predictive value for membrane
localization. Significant sets of proteins could indeed
be assembled and their analysis showed clear differ-

ences in the properties of each membrane proteome
and associated functions. It is unlikely that these
differentiating properties are due to an experimental
bias, since these proteins and their corresponding
genes were originally identified using various strate-
gies, ranging from reverse and forward genetics
screens, highly specific cross-link experiments, as well
as more recent proteomics approaches involving gels
or chromatography, followed by different types of
mass spectrometry techniques.

The pI distribution was bimodal for both membrane
systems (possibly trimodal for the envelope pro-
teome), with, on average, a basic integral inner enve-
lope membrane proteome and an acidic integral
thylakoid membrane proteome. These pI distributions
were strongly affected by removal of the predicted
transit peptides. Currently, there is no good explana-
tion for this pI distribution of thylakoid and envelope
proteome, but it is likely related to the pH in the
lumenal, stromal, and intra-envelope space. It is un-
clear if and how this connects to the positive-inside
rule, which states that membrane proteins have, on
average, a net positive charge on the loops facing the
cis-side of the membrane (Gavel et al., 1991; Sipos and
von Heijne, 1993). Proteins are least soluble when the
pH of the medium is close to their pI. The stromal pH
fluctuates between 7 and 8 and, indeed, the majority of
the stromal proteome generally avoid this pI range.
The curated soluble lumenal proteome shows a clear
avoidance of pI values between 6.5 and 8.5, whereas
the pH in the lumenal compartments fluctuates widely
between 3.5 and 7. Thus the relationship between the
lumenal pH and the pI of the lumenal proteome
cannot simply be explained in terms of solubility. pI
distribution was also bimodal for bacterial proteomes
and trimodal for eukaryotic proteomes of yeast, worm,
and fly. This was also related to localization, but an
explanation is not known (VanBogelen et al., 1999;
Schwartz et al., 2001).

Cys residues have a unique reactivity and they are
involved in catalysis, redox activity, structural stabili-
zation, and metal binding (Frand et al., 2000; Giles
et al., 2003). In addition, a powerful technique has been
developed for comparative proteomics, in which Cys
residues are used to link small tags with different
stable isotopes (ICAT; Gygi et al., 1999). This prompted
us to compare the relative Cys content for the exper-
imental proteomes. The processed thylakoid integral
membrane and lumen proteomes have a low Cys
content, with median values of 0.005 to 0.006, about
half of that of the envelope membrane with median
values of 0.012 to 0.013. To put the Cys content in
perspective, the median Cys content (Cys/all amino
acids) for the complete predicted Arabidopsis pro-
teome (28,786 proteins) is 0.016 and 0.015 for the
plastid predicted proteome (4,255 proteins). The pri-
mary function of the thylakoid is to carry out light-
driven electron transfer reaction. It is possible that the
reductive environment of the thylakoid membrane, in
combination with excess of protons, is not compatible
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with a prominent role of disulfide bonds in protein
stabilization. The low Cys content could also be a way
to avoid unproductive transfer and uptake of elec-
trons, possibly resulting in oxidative damage. We
propose that the low Cys content in the lumenal
and thylakoid membrane proteins (both nuclear and
chloroplast-encoded) is related to the role of the thyla-
koid membrane in electron transport. It remains to be
determined whether this is a phenomenon also ob-
served in other electron transport systems, such as the
inner membrane of mitochondria.

Prediction of Inner Envelope and Thylakoid

Membrane Localization

Thylakoid proteins were, on average, smaller, more
acidic, and, most significantly, contained less Cys
residues when compared to the inner envelope pro-
teome. The question is if these differences contain
enough predictive power in order to discriminate
integral inner envelope membrane proteins from in-
tegral thylakoid membrane proteins when applied to
uncharacterized proteins. A three-dimensional plot in
which pI, number of Cys residues, and protein length
are combined shows that the expanded curated thyla-
koid and inner envelope membrane proteins (83 and
39 proteins, respectively; see Supplemental Table I) are
generally well separated (Fig. 5A). Recently, published
experimental envelope proteome studies (Ferro et al.,
2002, 2003; Froehlich et al., 2003) and a new thylakoid
membrane study (Friso et al., 2004) did identify
potential additional inner envelope membrane and
thylakoid membrane proteins. After removing overlap
between the new experimental thylakoid and enve-
lope data sets and filtering for TargetP prediction and

presence of predicted transmembrane domains using
TMHMM, this added 27 and 21 putative integral
thylakoid and inner envelope membrane proteins,
respectively. Creation of a three-dimensional plot
(using pI, number of Cys residues, and protein length)
with these extended sets (110 and 60 proteins) shows
that thylakoid and inner envelope proteins are still
generally well separated (Supplemental Fig. 5B).

The cTP cleavage site motifs and upstream and
downstream amino acid regions for the different
(curated and extended) subproteomes did not exhibit
any striking differences and did not offer any pre-
dictive value for subplastid localization.

Prediction of Membrane Proteins

TMHMM was successful at predicting TMDs for
both plastid- and nuclear-encoded thylakoid mem-
brane proteins that were not part of the LHC super-
family (Jansson, 1999; Adamska, 2001). This LHC
superfamily with chlorophyll-binding domains was
generally not recognized as membrane proteins by
TMHMM, but were well predicted by the consensus
prediction listed in Aramemnon. This group of pro-
teins is unusual in that some of the TMDs contain one
or more conserved charged residues, as well as a con-
served Pro. Apparently, TMHMM is sensitive for such
unusual features, although TMHMM outperformed all
other available predictors according to a recent eval-
uation (Moller et al., 2001).

It is interesting to note that, when using TMHMM,
only 13% of the predicted plastid proteins have
predicted TMDs whereas 22% of all annotated Arabi-
dopsis genes are predicted to encode for membrane
proteins. There could be two additive biological

Figure 5. Scatter plot of the number of Cys residues, protein length, and pI for the curated sets of inner envelope and thylakoid
membrane proteins. Predicted cTPs are removed. A, 83 thylakoid and 39 envelope membrane proteins. B, 110 and 61 thylakoid
and envelope membrane proteins, respectively. Envelope proteins are symbolized by blue dots and thylakoid proteins by red
dots.
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reasons for this relatively low percentage of membrane
proteins in the plastid: (1) a plastid is not a complete
organism and has only one internal membrane com-
partment (the thylakoid), whereas the complete cell
has many types of organelles and corresponding mem-
brane systems; and (2) the cTP set includes proteins in
both non-green plastids without internal thylakoid
membrane system and chloroplasts. The soluble, stro-
mal proteome is expected to be quite different between
non-green plastids and chloroplasts, whereas the in-
tegral membrane composition of the inner envelope
might not be significantly different and an internal
membrane system is absent in non-green plastids. The
diversity of the plastid would thus add a lot of extra
soluble proteins, but possibly few integral membrane
proteins.

The consensus prediction listed in the Aramemnon
database suggests that the number of membrane
proteins in the plastid is 24%, similar to the 25%
prediction of membrane proteins in the total Arabi-
dopsis proteome. Manual evaluation of this discrep-
ancy between TMHMM and the accessions listed in
Aramemnon for the plastid predicted proteome sug-
gests that many of these discrepancies represent sol-
uble proteins. This is likely resulting from assignment
of a significant percentage of lumenal transit peptides
and cTPs as TMDs by a number of predictors used in
Aramemnon.

Prediction of Proteins with an lTP

Two strategies were used to predict lTPs in both the
predicted membrane and soluble proteins. Interest-
ingly, the predicted membrane proteins with lTP have
a low Cys content relative to the other predicted
subproteomes, suggesting that a significant popula-
tion was indeed located in the thylakoid. Otherwise,
the prediction of the lumenal proteome still seems to
be difficult, even when including the experimentally
derived filters and considering the fairly large training
set (.200 proteins) used for developing LumenP. As
mentioned before, only the lumenal proteins with
a TAT motif could be fairly well predicted.

CONCLUSIONS

We conclude that analysis of curated plastid sub-
proteomes from existing literature suggests a striking
difference in Cys content between integral inner en-
velope membrane proteins and integral and lumenal
thylakoid proteins, in addition to significant differ-
ences in protein length, pI, and TMD distribution.
Analysis of these assembled thylakoid and inner
envelope membrane proteomes did not reveal an
obvious sorting signal for either membrane system.
Despite partial success, suborganellar location predic-
tion is still in its infancy. More large-scale experimental
identifications of subproteomes from different sub-
cellular locations are needed to improve subcellular
localization scheme predictions.

MATERIALS AND METHODS

Collection and Curation of Experimental Subproteomes

The literature and public databases were carefully screened for plastid

proteins for which the plastid sublocalization was determined. All proteins

were then evaluated as being an integral membrane protein. This was mostly

based on experimental data (e.g. not extractable with urea or salts; x-ray

structure, or topology mapping by proteolysis, etc.) and, in some cases, based

on prediction of TMDs by TMHMM or the consensus prediction reported in

the Aramemnon database.

Prediction of the Subproteomes

Proteins believed to possess a cTP were extracted using TargetP (accepting

all reliability classes; Emanuelsson et al., 2000), and this subset was further

processed through (1) TMHMM 2.0 (Krogh et al., 2001) to discover proteins

with potential transmembrane regions (helices), and (2) a new lTP prediction

program, LumenP (Westerlund et al., 2003), or using SignalP to find proteins

with a potential thylakoid lumen location. The predictions of cleavage sites

were taken from ChloroP for the cTP cleavage sites and from LumenP or

SignalP (neural network version 2.0; Nielsen et al., 1997, 1998) for the lTP

cleavage sites. The SignalP results were obtained following the outline in

Peltier et al., 2002, running both gram-negative and gram-positive versions of

the predictor and submitting N-terminally truncated versions of the full-

length proteins to simulate the cTP removal. In total, 26 predictions were

obtained for each protein (13 different truncation variants, processed through

two versions, gram-negative and gram-positive, of the SignalP predictor) and

the one with highest cleavage site score (as determined by the SignalP Y-score)

was chosen to represent the protein. In the case of LumenP predictions,

a scoring matrix developed specifically to recognize the lTP cleavage site was

used to decide on the cleavage site (Westerlund et al., 2003). For both LumenP

and SignalP prediction strategies, the maximum length of the cTP 1 lTP

localization signals was 150 amino acids. In the case of predicted lumenal

proteins that did not have a TAT motif within their lTP (positions 232 to 218

relative to the lTP cleavage site), the 23, 21 motif (positions 23 and 21

relative to the cleavage site) was required to be AxA (Peltier et al., 2002). All

proteins with at least one TMD were assigned as membrane proteins. Some

proteins contained both a TMD (or several) and an lTP. If the predicted lTP

overlapped with a TMD, the TM prediction was deemed as stronger and the

protein was predicted to be located in the membrane. However, if the pre-

dicted lTP did not overlap with a TMD, the protein was put into the group

membrane proteins with lTP. The prediction results are also listed for each

accession in PPDB (http://ppdb.tc.cornell.edu/).

Calculation of Physical-Chemical Parameters

Molecular weight, pI, GRAVY, and amino acid composition were calcu-

lated using the Emboss software suite (Rice et al., 2000). pI values were

obtained from (Bjellqvist et al., 1994). These prediction parameters are also

listed for each accession in the PPDB.

BLAST Analysis of the Original TargetP Training Set

The positive training set for TargetP consisted of a set of 141 confirmed

chloroplast proteins from different higher plant species (data set available at

http://www.cbs.dtu.dk/services/TargetP/datasets/datasets.php). A BLAST

search was carried out to find the Arabidopsis orthologues for each of these

141 proteins; E-values were between 9.1029 and 0, with 90% below 10240,

indicating that homologs were found for all 141 proteins. Due to one-to-many

or many-to-many homology relationships, the actual number of Arabidopsis

homologs to these 141 proteins was 113 (see Supplemental Table I). Only 15 of

these 113 proteins were part of the most conservative curated lumenal,

thylakoid membrane, and inner envelop set (1 in the lumenal set, 13 in

thylakoid membrane set, and 1 in the inner envelope).

Construction of the Plastid Proteome Database

The database engine for the PPDB (http://ppdb.tc.cornell.edu/) is an MS

SQL Server. The Web interface for the PPDB is developed on ASP.NET

platform using C# language. The functional domain prediction was based on

PFAM analysis, with a cutoff E-value at 0.1 (Bateman et al., 2002). The
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experimental data in the PPDB (including curated gene information) are

provided by members of the van Wijk lab.
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